Ovarian high-grade serous carcinoma (HGSC) and low-grade serous carcinoma (LGSC) are distinct gynecologic neoplasms with diverse pathogenesis and characteristic features. They respond differently to same modalities of treatment protocol and have dissimilar prognosis. Thus, it is essential to obtain accurate differential diagnosis of HGSC and LGSC prior to clinical treatment. In the present study, mRNA expression profiles were generated from 5 HGSC and 6 LGSC specimen using HTSeq, and 699 differentially expressed genes (>2-fold difference) were identified using the DESeq R package. Dendrograms produced by unsupervised hierarchical clustering completely distinguished HGSC from
Introduction
Epithelial ovarian cancer (EOC) is the seventh most common cause of tumor-associated mortality in women and the most lethal gynecologic malignancy. The American Cancer Society estimated a total of 22,440 new cases and 14,080 mortalities from the disease in 2017 (1) . The high fatality rate is predominantly attributed to the late detection and chemoresistance of EOC. It is a heterogeneous condition composed of different types of tumors with widely varied clinicopathological features and behavior. EOC, according to histological criteria, is divided into five major subtypes: High-grade serous, clear cell, endometrioid, mucinous and low-grade serous types. These five subtypes are best considered to be distinct entities, of which serous type, accounting for 70% of EOC, is the most common (2, 3) .
Histological grade has been demonstrated to be an important prognostic factor for serous ovarian carcinoma in previous studies (4 -7) . However, there are several traditional systems used for grading these tumors with different categories and number of strata (International Federation of Gynecology and Obstetrics, World Health Organization and Gynecologic Oncology Group criteria) (8) . In 2002 and subsequently in 2004, a two-tier system for grading serous ovarian carcinoma was proposed, according to which tumors are subdivided into high-grade and low-grade (4, 9) . Although a large number of studies report that high-grade serous carcinoma (HGSC) and low-grade serous carcinoma (LGSC) share the same origin from fallopian tubal epithelia, they are completely distinct types of gynecologic tumor, rather than different grades of the same neoplasm, and there are drastic clinicopathological and molecular differences between the two (10) (11) (12) (13) . HGSC is usually susceptible to platinum-based chemotherapy; however 5-and 10-year survival rates for advanced staged carcinoma are ~25 and 0%, respectively. LGSC progresses slowly with a 5-year survival rate of 85% and a 10-year survival rate of 50%. It is usually resistant to standard chemotherapy. Thus, optimal cytoreductive surgery is more critical for the treatment of LGSC (14) . Accurate differential diagnosis may help to reduce unnecessary morbidity and optimize therapeutic effectiveness.
Primary cytoreductive surgery has been considered the standard therapeutic strategy for serous ovarian cancer in many centers, however neoadjuvant chemotherapy followed by interval debulking surgery is achieving more and more attention recently. A clinical trial conducted by Vergote et al (15) among patients with stage IIIC and IV ovarian cancers demonstrated that there was no difference in survival rates between patients undergoing primary cytoreductive surgery and those receiving neoadjuvant chemotherapy followed by interval debulking surgery. With respect to morbidity and mortality risk associated with the extent of surgery, neoadjuvant chemotherapy is preferable. Thus, neoadjuvant chemotherapy is quickly becoming the superior approach for advanced stage ovarian carcinoma. Unlike LGSC, HGSC is comparatively more responsive to chemotherapy. In addition, clinical trials specifically targeting the crucial molecular alterations of LGSC, such as CI-1040 targeting the mitogen-activated protein kinase pathway, have been launched and are on-going (16) . Thus, a precise histopathology-based differential diagnosis of HGSC and LGSC is crucial for decision making by gynecological oncologists prior to any treatment.
The two-tier system for grading serous ovarian carcinoma is based primarily on nuclear atypia, with the mitotic rate used as a secondary criteria. Malpica et al (17) demonstrated that the system is easy to follow and is reproducible. In most epithelial ovarian tumors, the nuclear atypia of LGSC and HGSC corresponds to grade 1 and grade 3, respectively, in a three-grade system. However, nuclear features of certain tumors (~4% of serous carcinomas) are intermediary between LGSC and HGSC (18) . Thus, distinguishing these tumors of intermediate grade remains a challenge. Furthermore, subjective judgments on the criteria of nuclear atypia and mitotic rate from individual pathologists may also pose another problem for differential diagnosis of HGSC and LGSC. Thus, it is necessary to explore and establish objective criteria to assist differential diagnosis. In recent years, a number of researchers have begun to concentrate on distinguishing HGSC from LGSC through various methods, such as immunohistochemical markers (19) . Although these methods do improve the accuracy of diagnosis to a certain extent, there have been no satisfactory results obtained as of yet. Thus, the purpose of the current study was to investigate useful markers in order to raise the efficacy in distinguishing HGSC from LGSC.
Materials and methods
Tissue samples for RNA-seq analysis. Flash-frozen primary serous ovarian tumor samples (n=12) were collected from Qilu Hospital of Shandong University (Jinan, China) from patients that did not undergo preoperative chemotherapy: 6 ovarian high-grade serous cancers and 6 ovarian low-grade serous cancers. In the present study, patients with primary ovarian serous carcinoma were selected for investigation. Patients with other malignancies or those that had undergone preoperative chemotherapy were excluded. The ages of selected patients with 43-63 years. The samples were collected with the approval of the Ethics Committee at Qilu Hospital of Shandong University between January 2014 and December 2015, and with the signed informed consent from all patients. All tumors were diagnosed according to the two-tier system of MD Anderson Cancer Center criteria (4) . Frozen sections (5 µm) were cut, fixed onto slides, and immediately stored at -20˚C. The remaining samples were immediately stored at liquid nitrogen for subsequent arrays. The slides were then stained with hematoxylin (0.2%, 5 min) and eosin (1%, 10 min) at room temperature for reviewing and ensuring accurate diagnosis by two gynecological pathologists. Tumor samples containing >70% of invasive cancer were used for sequencing analysis.
RNA extraction and RNA-seq analysis. Total RNA was isolated from cancer samples using TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. Prior to mRNA sequencing, the quality of all RNA samples were detected by agarose gel (1%) electrophoresis and Agilent 2100 bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). Following mRNA sequencing using the Illumina HiSeq X Ten platform, TopHat2 (ccb.jhu.edu/software/tophat) was used to align paired-end clean reads to the reference genome (20) . One HGSC sample was excluded because of lower proportion of total reads mapped (<80%). Then, HTSeq v0.9.1 (pypi.python.org/pypi/ HTSeq) was applied to count the read numbers mapped of each gene. Subsequently, reads per kilobase of exon model per million mapped reads (RPKM) of each gene was calculated based on the length of the gene and reads count mapped to this gene. RPKM takes sequencing depth and gene length into consideration and is currently the most common method for estimating gene expression levels (21) .
Differential expression analysis and clustering. Differential expression analysis between HGSC and
LGSC was performed using the DESeq R package (version 3.4.2; r-project.org/). DESeq provides statistical routines for testing differential expression by the use of negative binonial distribution. P<0.05 in DESeq was considered to indicate a statistically significant difference. To identify the correlation of different samples, differentially expressed genes were clustered between HGSC and LGSC using unsupervised hierarchical clustering method with the function of heatmap.2 in R (version 3.4.2). Manhattan distance metric with average linkage was used for clustering. To allow for log adjustment, genes with 0 RPKM were assigned a value of 0.01. We also performed a Gene Ontology analysis (geneontology.org) on all the differential genes between HGSC and LGSC.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Ovarian HGSC (n=36) and LGSC (n=15) were used for validation of differentially expressed genes between them in mRNA sequencing. They were obtained from Qilu Hospital of Shandong University between January 2011 and June 2016. The ages of selected patients are range from 41-76 years. The inclusion and exclusion criteria of selected patients were the same as described above. Tumor samples containing >70% of invasive cancer were selected for research. Based on the above results and the literature, a number of molecules were selected for further validation and investigation [lysosomal associated membrane protein 3 (LAMP3), EGF like domain multiple 6 (EGFL6), cyclin-dependent kinase inhibitor 1A (CDKN1A), anterior gradient 3, protein disulphide isomerase family member (AGR3), glutathione S-transferase µ1 (GSTM1), tectonic family member 1 (TCTN1), spermatogenesis associated 18 (SPATA18)]. Of them, LAMP, EGFL6, CDKN1A and AGR3 exhibited significant differences between HGSC and LGSC, and were selected in the current study to demonstrate the results. Oligonucleotide primers (Sangon Biotech Co., Ltd., Shanghai, China) designed for each gene were as follows: LAMP3 forward, 5'-GCGTCCCT GGCCGTAATTT-3' and reverse, 5'-TGCTTGCTTAGCTGG TTGCT-3'; EGFL6 forward, 5'-GTCTGTGAAGCTACAT GCGAA-3' and reverse, 5'-CATGGCCGGGGTTTCATTC-3'; CDKN1A forward, 5'-CGATGGAACTTCGACTTTGTCA-3' and reverse, 5'-GCACAAGGGTACAAGACAGTG-3'; AGR3 forward, 5'-ATCACCTGATGGGCAATATGTG-3' and reverse, 5'-GAGTATCTTCCAGCTATGTCAGC-3'; β-actin forward, 5'-TCATGAAGTGTGACGTGGACATC-3' and reverse, 5'-CAGGAGGAGCAATGATCTTGATCT-3' . β-actin was used as the endogenous control.
Each RNA sample (<1 µg) was reverse transcribed using the Reverse Transcription system (Takara Bio, Inc., Otsu, Japan) in 20 µl reaction system. Following 37˚C incubation for 15 min, the reaction system was incubated in 85˚C for 5 sec and then stored at -20˚C. RT-qPCR was performed using SYBR-Green qPCR master mix (Takara Bio, Inc.), with the ROX as internal reference dye. PCR was conducted using the ABI PRISM 7900HT System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The qPCR cycling conditions were as follows: Predegeneration at 95˚C for 30 sec, then denaturation at 95˚C for 5 sec and annealing at 60˚C for 34 sec, the last two steps were repeated for a total of 40 cycles. All experiments were performed in triplicate for target and reference genes. Statistical analysis was conducted using t-test. P<0.05 was considered to indicate a statistically significant difference.
Western blot analysis. HGSC (n=8) and seven LGSC (n=7) samples were included for this analysis. They were obtained from Qilu Hospital of Shandong University from January 2010 to December 2014. The ages of selected patients range from 43-76 years. The inclusion and exclusion criteria of selected patients were as described above. All samples were cut into pieces before they were lysed on ice with radioimmunoprecipitation assay buffer (Biocolor Ltd., Carrickfergus, UK) and protease inhibitors. The protein concentration was determined using a bicinchoninic acid assay kit (Beyotime Institute of Biotechnology, Haimen, China). Protein samples (30 µg) were separated using 12% (separating gel) and 6% (stacking gel) SDS-polyacrylamide gel and then electrotransferred onto polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). Following blocking with 5% non-fat milk at room temperature for 1 h, the membranes were incubated overnight at 4˚C with the mouse anti-human monoclonal antibody against AGR3 (1:1,000; cat. no. ab82400; Abcam, Cambridge, UK), mouse anti-human monoclonal antibody against tumor protein 53 (TP53; 1:1,000; cat. no. M7001; Dako; Agilent Technologies, Inc.) and mouse anti-human monoclonal antibody against β-actin (1:2,000; cat. no. A2228; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Subsequently, the membranes were incubated with specific horseradish peroxidase-labeled secondary antibodies to mouse IgG (1:5,000; cat. no. 074-1806; Kirkegaard & Perry Laboratories Inc., Gaithersburg, MD, USA) at room temperature for 1 h. Signal was detected with enhanced chemiluminescence using Western Lighting Plus ECL (PerkinElmer, Inc., Waltham, MA, USA) by ImageQuant LAS 4000 (GE Healthcare Life Sciences, Little Chalfont, UK).
Immunohistochemistry (IHC) analysis. Protein expression of AGR3 and TP53 was detected in samples of HGSC (n=145) and LGSC (n=30). Cases were reviewed by two gynecological pathologists, and a diagnosis of high and low-grade serous ovarian carcinomas was established according to the two-tier system of MD Anderson Cancer Center criteria. The clinicopathologic characteristics of all samples are shown in Table I . Formalin-fixed (10% formalin fixation for 24-48 h at room temperature) and paraffin-embedded tissues were sectioned at Technologies, Inc.) at the working concentration. Then, the slides were stored in a moist chamber at room temperature for 2 h. Following washing of the sections (PBS, 3 times for 3 min), they were incubated with the secondary antibody from IHC reagent kit (OriGene Technologies, Inc.) at 37˚C for 20 min, and then the sections were washed again as above. Sections were stained with diaminobenzidine for 1.5 min at room temperature and counterstained with hematoxylin (0.2%) for 2 min at room temperature. Negative controls were made by omitting the primary antibody. A light microscope (Nikon Corporation, Tokyo, Japan) was used to visualize the stained tissue sections. AGR3 was scored as positive or negative and TP53 was scored as aberrant expression or wild-type pattern. The subcellular localization of AGR3 on staining was predominantly found to be membranous, whereas for TP53 it was nuclear. More than or equal to 20% positively stained in epithelial cells were defined as positive for AGR3. While aberrant expression of TP53 was defined as 0 (negative or occasional cells positive) or ≥75% of cells staining, according to clinical practice and previous studies (22) , and also because of evidence that these TP53-staining patterns correlated with the mutational status of TP53 (23, 24) . Thus, absence and overexpression of TP53 were considered as aberrant expression, indicating various types of TP53 mutation. The usefulness of TP53 and AGR3 to distinguish HGSC and LGSC was evaluated with a χ 2 test. Then, the TP53/AGR3 differential diagnostic performance was quantified with sensitivity and specificity calculations with morphological classification as the gold standard. Sensitivity, also termed the true positive rate, is defined as the proportion of positives that are correctly identified as such. Specificity, also termed the true negative rate, is defined as the proportion of negatives that are correctly identified as such. In order to evaluate the reliability of the diagnostic test, positive and negative predictive value were calculated. The positive and negative predictive values (PPV and NPV, respectively) are defined as the proportions of positive and negative results in diagnostic tests that are true positive and true negative results, respectively. Receiver operating characteristic (ROC) analysis was performed to compare diagnostic effectiveness of TP53 and AGR3. Then, unsupervised clustering analysis of TP53 and AGR3 IHC scores was performed using heatmap.2 function in R (version 3.4.2). Based on clustering results, combination of TP53 and AGR3 data were tabulated to distinguish HGSC and LGSC. All statistical analyses were performed using SPSS 22.0 (IBM Corp., Armonk, NY, USA). open-source available from www.r-project.org/). Data achieved from RT-qPCR are presented as the mean ± standard deviation and analyzed through t-test using GraphPad Prism (version 5.01; GraphPad Software, Inc., La Jolla, CA, USA) software. χ 2 test was performed for IHC analysis using SPSS 19.0 software (IBM Corp.). P<0.05 was considered to indicate a statistically significant difference.
Results

HGSC and
LGSC are two distinct diseases with different gene expression profiles. Comparing HGSC and LGSC using the DESeq R package, 699 differentially expressed genes (>2-fold difference) were identified, 367 of which were upregulated in HGSC. Unsupervised hierarchical cluster analyses on differentially expressed genes identified by mRNA sequencing between HGSC and LGSC demonstrated that HGSC clearly segregated from LGSC (Fig. 1) . A number of differentially expressed genes between them were in accordance with previous studies (14) . According to the Gene Ontology analysis, significant groups of differential genes between HGSC and LGSC associated with specific functional processes, including 'pattern specification process', 'DNA metabolic process' and 'nucleic acid metabolic process'. LGSC, low-grade serous carcinoma.
To validate the results and to further investigate novel differential diagnostic markers, certain differential genes were analyzed by RT-qPCR. As shown in Fig. 2, LAMP3 and EGFL6 were upregulated in HGSC, while CDKN1A and AGR3 were significantly downregulated compared with LGSC. These results, in accordance with mRNA sequencing results, indicate that gene expression profile in HGSC is different from that in LGSC. Among these genes, AGR3, which exhibited the greatest difference between HGSC and LGSC was selected for further analysis.
Significant differential expression of TP53 and AGR3 protein in HGSC and
LGSC. Previous researches have confirmed the use of TP53 in the differential diagnosis of HGSC and LGSC. On this basis, the diagnostic utility of AGR3 alone and combined with TP53 were investigated in the current study. The protein expression of TP53 and AGR3 in HGSC (n=8) and LGSC (n=7) were examined through western blot analysis. TP53 exhibited overexpression or absence in 6 of 8 HGSC compared with LGSC, as expected. Increased expression of AGR3 was observed in LGSC compared with HGSC samples (Fig. 3) . Taken together, these findings suggest that the differential expression of TP53 and AGR3 between HGSC and LGSC may serve as markers for differential diagnosis.
TP53 and AGR3 were useful to distinguish HGSC from
LGSC. In order to assess the diagnostic performance of TP53 and AGR3, immunohistochemical staining was performed on 145 HGSC and 30 LGSC samples to analyze sensitivity and specificity of these markers in diagnosis. The subcellular localization of TP53 staining was predominantly nuclear. Additionally, the percentage of positive cells, rather than immunointensity, was used for evaluation of TP53 in the majority of previous studies (22, 25) . With respect to AGR3, its subcellular localization was predominantly membranous. There was no different immunointensity between two samples with sharp distinction in positive cell percentage. Thus, the percentage of positive cells was used for evaluation of TP53 and AGR3, as in previous studies (25, 26) . Representative staining features of TP53 and AGR3 in HGSC and LGSC are shown in Fig. 4 . TP53 was scored as absent (negative or occasional positive cells), wild-type pattern (0-75%) or overexpression (≥75%) and AGR3 was scored as either negative (<20%) or positive (≥20%). The staining results for TP53 and AGR3 across the available cohorts were shown in Tables II and III. TP53 and AGR3 were efficient in distinguishing HGSC from LGSC (P<0.001 for both). To test the diagnostic reliability of TP53 and AGR3, positive and negative predictive values were also calculated in the same samples again. Aberrant TP53 staining (0 or ≥75% positive staining) was detected in 127/145 (87.6%) of HGSC and in 4/30 (13.3%) of LGSC samples. The positive staining of AGR3 in HGSC and LGSC was 15/145 (11.3%) and 24/30 (80.0%) respectively. ROC analysis produced an area under the curve of 0.871 for TP53, and 0.848 for AGR3 ( Fig. 5 ). Thus, AGR3 was also a useful marker with respect to differential diagnosis. PPV and NPV were 96.9 and 59.1% for TP53, and 61.5 and 95.6% for AGR3, which reminds us to combine the two markers for an overall analysis.
In order to evaluate the diagnostic performance of a combination of TP53 and AGR3 staining, a heat map was produced by unsupervised hierarchical cluster analysis in R. With two markers (TP53 and AGR3, each with two outcomes), four combinations/cluster groups were derived (Fig. 6 ). Three of these four cluster groups were associated with HGSC.
Cluster 1 (TP53 aberrant expression and AGR3-negative), accounting for 66.3% of the cases, 99.1% were diagnosed as HGSC by the gold standard morphology. Cluster 2 (TP53 aberrant expression and AGR3-positive), which formed the smallest group with 8.6% of the cases, was associated with the diagnosis of HGSC. Cluster 4 (TP53 wild-type staining and AGR3-negative) was also most likely associated with HGSC. However, a substantial proportion of LGSC was found in cluster 3 (TP53 wild-type staining and AGR3-positive).
Given that only cluster 3 is predictive for LGSC, the performance of cluster 3 was analyzed for use in diagnosis of LGSC with sensitivity and specificity shown in Table IV . The sensitivity of cluster 3 to predict LGSC is 70.0% (21/30) with a specificity of 97.9% (142/145). In order to test the predictive performance for clinical diagnosis, PPV and NPV were calculated using the current samples. PPV and NPV of cluster 3 were 87.5 and 94.0%, respectively. In addition, the accuracy of differential diagnosis was 93.1% (163/175). These results suggest that a combination of TP53 and AGR3 may be highly effective in distinguishing HGSC from LGSC. 
Discussion
HGSCs and
LGSCs exhibit distinct characteristics, and possess diverse pathogenesis and prognosis. HGSC is highly aggressive, grows rapidly and almost always presents at an advanced stage. It directly develops from serous tubal intraepithelial carcinoma (27) . According to The Cancer Genome Atlas ovarian cancer study, TP53 mutation occurs in 96% of HGSCs, while mutations of KRAS proto-oncogene, GTPase (KRAS), B-Raf proto-oncogene, serine/threonine kinase (BRAF) or (erb-b2 receptor tyrosine kinase 2) ERBB2 are infrequent (28) .
LGSC accounts for a smaller proportion of all ovarian serous carcinomas.
LGSC generally exhibits indolent biological behavior and is usually confined to the ovary at presentation. It has been hypothesized to develop in a slow step-wise manner from a serous cystadenoma or adenofibroma (29) (30) (31) .
LGSC is relatively stable and expresses normal levels of TP53, but also is characterized by mutations of the KRAS, BRAF or ERBB2 genes (8) . Furthermore, HGSC and LGSC respond differentially to similar therapeutic protocols, so it is crucial to distinguish HGSC from LGSC prior to the initiation of treatment. The final diagnosis relies on histopathological features, however clinical behavior, ancillary examinations, molecular biology characteristics and especially immunohistochemical markers are all useful in differentiating HGSC from LGSC. Currently, a two-tier system is widely used to subdivide ovarian serous carcinoma into HGSC and LGSC. Excellent inter-and intraobserver reproducibility of the two-tier system for grading ovarian serous carcinoma has been demonstrated. However, certain difficulties remain in differential diagnosis of HGSC and LGSC. On one hand, certain tumors with intermediate characteristics cannot be categorized accurately even with the application of the two-tier grading scheme, especially in local hospitals. On the other hand, current clinical practice can only rely on limited samples from paracentesis or biopsies of pelvic/peritoneal implants prior to the commencement of neoadjuvant chemotherapy or targeted therapy. Under such conditions, a number of markers (including P16, Ki67 and TP53) are investigated for differential diagnosis of ovarian serous carcinoma (22, 32) . In a previous study, the expression of P16 was analyzed in HGSC and LGSC. The cases were semi-quantitatively scored as 0 (negative or occasional positive cells), 1+ (<10% cells positive), 2+ (10-25% cells positive), 3+ (26-50% cells positive), 4+ (51-75% cells positive) or 5+ (>75% cells positive). In the previous study, 5+ staining (>75% positive cells) was observed in 27% of LGSC and in 83% of HGSC (32) . A diffusely positive staining pattern (5+ staining) may result into an erroneous diagnosis because many metastatic ovarian tumors arising from uterine serous carcinomas also exhibit the same staining pattern for P16. Similarly, the Ki67 proliferation index and the expression of TP53 are both higher in HGSC compared with LGSC. In a study by O'Neill et al (22) , the proliferation index was significantly different between these two tumor types (23% for low-grade and 55% for high-grade). TP53 5+ staining (>75% positive cells) was observed in 18% of LGSC and 64% of HGSC (22) . Additionally, another study reported that aberrant expression of TP53 (completely absent or ≥60% of cells stained) occurred in 89% of HGSC and 6% of LGSC (25) .
These studies indicate that HGSC is characterized by diffuse expression of TP53, while the expression of TP53 is much lower in LGSC. To the best of our knowledge, molecular alteration of TP53 is a defining feature of HGSC and TP53 is also currently one of the best available choices for differential diagnosis (33) . However, TP53 staining does not perfectly differentiate HGSC from LGSC on the basis of morphology. Thus, we intend to identify novel and effective markers to be used in consolidation with TP53 in order to distinguish HGSC from LGSC efficiently on the basis of conventional histopathology.
In total, 699 differentially expressed genes were identified comparing HGSC and LGSC using DESeq R package and dendrograms were produced by unsupervised hierarchical clustering using heatmap.2 function in 'gplots' R-package. HGSC was separated from LGSC completely. The results support the hypothesis of two distinct pathways of HGSC and LGSC yielding two different disease entities. This is in accordance with the different clinical and molecular presentations of the two. In agreement with the sequencing data, HGSC expressed higher levels of LAMP3 and EGFL6 mRNA compared with LGSC, as determined by RT-qPCR (P<0.05). While the mRNA levels of CDKN1A and AGR3 were higher in LGSC (P<0.05). AGR3, which exhibited the greatest variation out of the four molecules between HGSC and LGSC, was selected for further analysis. TP53 was included in the current study based on its diagnostic utility. Along with mRNA levels, AGR3 protein expression was also higher in LGSC, as demonstrated using western blot analysis. The findings suggested that AGR3 may be used as an efficient marker and may be beneficial in differential diagnosis between HGSC and LGSC. However, the comparison of TP53 expression between HGSC and LGSC using western blotting was solely circumstantial evidence. Regrettably, mutation data on HGSC and LGSC was not analyzed. Furthermore, overexpression of TP53 demonstrated by western blotting cannot rule in or rule out the role of TP53 mutations.
In the current study, aberrant expression of TP53 (0 or ≥75% positive) exhibited a sensitivity 87.6% and specificity 86.7% for HGSC. Overexpression and absence of TP53 in HGSC indicates missense and null mutations, respectively. Although, it is generally acknowledged that vast majority of HGSCs are characterized by TP53 mutations and numerous studies have reported that TP53 staining patterns were distinctly different between HGSC and LGSC (25, 34) . However, based on a study by Singer et al (35) , immunohistochemistry does not accurately predict mutation status. Furthermore, TP53 staining does not perfectly differentiate HGSC from LGSC. Therefore, it is necessary to seek additional markers to improve the current diagnostic efficacy.
The differential diagnostic value of AGR3 for HGSC and LGSC were investigated. To the best of our knowledge, there are only limited reports of AGR3 expression in normal and cancer tissue. The current study confirmed that the expression of AGR3 was markedly different between HGSC and LGSC. Following analysis of the expression with varied cutoff values, 20% AGR3-positive cells was determined to be the best cut-off to distinguish HGSC from LGSC. Therefore, 20% or more positively stained epithelial cells was defined as AGR3-positive. Positive expression of AGR3 has a sensitivity of 80.0% and a specificity of 89.7% for LGSC. Although there is some overlap in the extent of staining in HGSC vs. LGSC, these findings indicate that a morphologically problematic serous ovarian carcinoma with negative expression of AGR3 is unlikely to be LGSC. ROC analysis produced a similar area under the curve for AGR3 compared to TP53, suggesting that AGR3 is comparably as important as TP53 for differential diagnosis of HGSC and LGSC. PPV and NPV of AGR3 staining for LGSC were 61.5 and 95.6%, respectively. The low PPV may be due to the finite number of LGSC samples. In accordance, the expression of AGR3 was also reported to be significantly higher in LGSC than HGSC by western blot analysis in a previous study by King et al (26) . However, the previous study could not distinguish HGSC from LGSC using AGR3 IHC, which was likely attributable to the different anti-AGR3 antibody used and different cutoff values in the two studies. In the current study, 20% was the best cutoff to efficiently distinguish HGSC from LGSC. The results support the association of AGR3 with the differentiation of serous ovarian cancer. In conclusion, AGR3 is a useful marker for differential diagnosis of HGSC and LGSC based on the results of the present study. Subsequently, statistical validation was performed for combined application of AGR3 and TP53 in the differential diagnosis of HGSC and LGSC. The strength of the study is depicted by the PPV (87.5%) and NPV (94.0%). Furthermore, the accuracy of diagnosis increased from 87.4% to 93.1% by including AGR3. Thus, a panel of two antibodies is more effective and it improves the accuracy of the diagnosis. IHC staining with a wild-type TP53 pattern and AGR3-positive expression produced a specificity of 97.9% and a sensitivity of 70.0% for LGSC. The low sensitivity may be attributed to a proportion of samples with negative expression of AGR3 and aberrant expression of TP53 in LGSC. The outcomes ascertained from the current study provide compelling evidence for the use of these two markers for the differential diagnosis of HGSC and LGSC.
In summary, these results suggest that a combination of TP53 and AGR3 staining is superior to TP53 alone for differential diagnosis of HGSC and LGSC on the basis of morphology. Furthermore, it may improve accuracy of diagnosis and be beneficial for the clinical management, optimizing therapeutic regimen and thus lowering the overall risk of mortality. On this basis, the two markers may be useful to test additional ovarian carcinomas of 'uncertain' subtype. However, there is no statistical data at present because of limitation in the number of rare cases. Future prospective clinical studies should be conducted on a larger cohort of various ovarian carcinoma subtypes to validate the clinical utility of the model.
